This study examines the efficiency of a vertical axis current turbine (VACT) according to various nondimensional mass moments of inertia. The vertical axis current turbine of drag force type with flat plate-shaped blade is tested. From experiments in a circulating water channel the angular velocity, the power coefficient and tip speed ratio of the vertical axis current turbine are obtained. The property changes for various conditions give the relationships between efficiency-related parameters. The maximum power coefficients of experiments occur at the tip speed ratio of approximately 0.35~0.40. From the experiments, turbine is found to give a 7% power coefficient which related to I*=0.52.
INTRODUCTION
There are various kinds of renewable energy in the ocean. Among many ocean renewable energy sources, current power is regarded as a reliable and predictable energy source unlike other irregular energy ones such as offshore wind and wave. Most of the researches about the interaction between a uniform current and a moving body, concentrate on translation motions and just few investigations study the rotational motion. In this paper, authors will investigate rotational motion of flat plate in the current to extract the energy. A current turbine (CT) is a turbine that extracts kinetic energy from owing water current without using dams. Thus, a current can be one of the favorable energy sources in the aspects of steadiness and environments. A current power system can be classified, according to the axial direction, into horizontal axis turbines (HAT) and vertical axis turbines (VAT). Horizontal axis turbines represent the dominant technology for current energy extraction at the present time. This is most likely due to the success of this technology for wind energy extraction; as such it is seen as the safest choice of technology for currents. The development of vertical axis turbines for current energy extraction is less well advanced than horizontal axis turbines. Vertical axis turbines have their axes perpendicular to the direction of the oncoming flow whereas horizontal axis turbines have their axes parallel. This property means that a vertical axis turbine can accept an oncoming flow in a horizontal plane from any direction and therefore do not need a yaw mechanism as with horizontal axis turbines. The vertical axis (wind) turbine was invented by GJM Darrieus and patented in 1931 [1] . VATs can be also classified into a drag force type (Savonius turbine) and a lift force type (Darrieus turbine). Most of the existing studies about VATs have dealt with wind turbine [2] . The efficiency limit of 59.3 percent was obtained by Betz back in the 1920s for propeller-type turbines in free flow. It became common practice to use this limit for estimating the maximum efficiency of such turbines, when designing wind farms [3] . The derivation of the Betz limit can be found in many textbooks and other publications on fluid mechanics. Betz considered a one-dimensional model for a plane turbine positioned in an incompressible fluid with rectilinear streams of constant velocity across any section of the current. The turbine was assumed to be under uniformly distributed pressure. The efficiency of the turbine was defined as the ratio of the turbine power to the power of the unconstrained uniform flow through the turbine area. By basing his calculations on the momentum rate change and the Bernoulli relations for the fluid flowing through the turbine, Betz obtained an efficiency limit as high as 59.3 percent [4] . The principal assumption of the Betz model was that the fluid flow remains rectilinear when passing through the turbine and maintains a uniform distribution of the fluid pressure on the turbine. Such a distributed load leads to overestimating the forces and torque applied to the turbine and, as a result, to overestimating the turbine's power and its efficiency. In reality, the fluid streams are deflected from the rectilinear direction near the barrier, changing their motion to curvilinear trajectories and reducing their pressure on the turbine. By taking account of the curvilinear trajectories for the streams, one obtains a more correct turbine power and efficiency limit [4] . A lift force type of wind turbine is known to be more efficient than a drag force type [5] . Moutsoglou and Weng [6] carried out experimental investigations to study the efficiency of Benesh rotor as an alternative to typical Savonius rotors giving low efficiency. Kim et al. [7] estimated the performance of drag force type vertical axis wind turbine with an opening-shutting rotor to avoid drag force acting on all facing blades. Ko et al [2] examines the efficiency of a vertical axis marine tidal current turbine according to various geometrical conditions of the turbine such as the number of blades and layers through numerical simulations and experiments. The maximum power coefficients of both simulations and experiments occur at the tip speed ratio of approximately 0.4~0.5. Li and Calisal [15] and [16] propose a discrete-vortex method with free-wake structure (DVM-UBC) to describe the behavior of a stand-alone tidal-current turbine and its surrounding unsteady flow and develop a numerical model to predict the performance and wake structure of the turbine based on DVM-UB. Their comparisons also suggested that DVM-UBC can predict the performance of a turbine 50% more accurately than the traditional discrete-vortex method. Goude and Argen [14] have investigated farm pattern of marine tidal turbine. They have dealt with several farm configurations with Darrieus type turbine. Finally, they have compared efficiency of patterns to find the best configuration of the farm. The subject of autorotation has been a stepchild in fluid dynamics [8] . Seshadri et al [13] have simulated the autorotation of a hinged flat plate about its horizontal central axis by numerical method. The focus of the paper was on examining the effect of Reynolds number and plate thickness ratio on vortex induced rotation. Therefore, the authors chose to study the performance of a hinged flat plate allowed to rotate about its vertical axis, under the influence of uniform current (see Fig. 1 ). The study on flow induced rotation of a vertical hinged flat plate under the influence of uniform current is a 1-DOF problem. This device starts with fluttering motion by turbulence. When sufficient moment of inertia is present, it will start autorotation naturally. In the autorotation, the plate rotates continuously around a vertical axis and it never damps out. In calibrated moment of inertia, present system has no starting problem like other so-called drag devices. Based on this phenomenon, a thought occurred to the authors to extract the energy from autorotation. They have designed a system with on degree of freedom and started to experiment. In this paper, performance of vertical axis autorotation current turbine (VACT) has been presented. Fundamentally, VACT and Savonius turbine operate according to the same principles which are drag -type and generate a high torque. However, as may be seen, VACT has very simple profile shape (flat plate) which utilizes sufficient mass moment of inertia for provide autorotation. Strength of VACT is the use of simple mechanical properties to extract the energy. According to non-dimensional analysis, efficiency of VACT is depending on moment of inertia and tip speed ratio and also aspect ratio of flat plate (ratio of height to width). In present study, effect of moment of inertia and tip speed ratio has been investigated on the performance. Based on tests in wind channels, by previous researchers [9, 10] and also the experiments in LOC, it is proved that the autorotation will occur at large dimensionless moment of inertia. In the water flume case, because of large density of water in comparison with the air, increasing of the dimensionless moment of inertia is not straight forward. For this purpose, a unique apparatus has been constructed to increase the moment of inertia of the plate to model the autorotation motion. As shown in Fig.  3 , a bar with length of one meter has been installed on the top of plate. Also two masses with 1 Kg have been added to system, which could be placed in different levels of the bar to provide different moment of inertia. The experiment properties are listed in Table. 1. The velocity of the current in the channel has been obtained from a turbine type flow-meter. Moreover, the rotation has been measured by put a potentiometer on the top of the flat plate which powered by a voltage source.
EXPERIMENTAL SETUP
In order the understanding of the flow induced rotation phenomena, initially; an aluminum plate with width of 0.6 meters, draft of 0.5 meters, and thickness of 5 mm was tested. Since the current channel of the LOC/COPPE has width of 1.4 m, some wall blockage effect has been observed. To diminish this effect, a similar aluminum plate 0.3 m in width has been tested under the same experimental conditions. In accord with the results, plate with 0.3 m in width was selected for continue the experiments. 
Non-dimensional Analysis
In order to better understanding of performance of the VACT, a dimensional analysis has been performed. The autorotation motion of a flat plate may be characterized by eight dimensional parameters A; Added mass, µ; Viscosity, ρ; Density, V; Current velocity, ω; Turbine angular velocity, C; width of the plate, h; Water depth, I; Mass moment of inertia., as summarized in (1) , , , , , , ,
Where, P is Power. The dimensional analysis leads to (2): * , , ,
Where, I * =I/A is dimensionless added moment of inertia, Re=VC/ is Reynolds number of the current, λ=C/2V is tip speed ratio of turbine blade and Y=h/C is wetted surface aspect ratio. According to table 1, Reynolds number of the current varies from 30000 to 150000. Moreover, struhal number of the VACT is close to 0.2 (from 0.19 to 0.24). This range of struhal number is related to low frequency wake which is independent of Reynolds number [11] . In addition, in our test cases, current velocity effect will express by tip speed ratio. Thus, by suppose the environmental conditions are unchangeable, we can ignore the current Reynolds number. Also, we have done all the tested cases in wetted surface aspect ratio of 1.66. Therefore, power coefficient (C p ) is function of non-dimensional mass moment of inertia (I * ) and tip speed ratio (λ). Finally, nondimensional analysis can be summarized as follow: * ,
An important observation during the several experiments of autorotation at LOC was the autorotation motion just occur under two conditions. The first is initial condition: the plate must be released with an angle less than stall angle ( 15˚≲ ≲15˚), then the motion is affected by the large lift force. The other condition is the dimensionless moment of inertia should be high enough to store sufficient angular momentum to overcome the hydrodynamic torsional spring [12] .
RESULT AND DISCUSSION
In figures 4 to 6, efficiency of vertical axis current turbine have been presented against angular velocity in 3 different amounts of non-dimensional mass moment of inertia. These figures have been prepared based on the results of experiments which done in different current velocity in range of 0.08 to 0.4 m/s. It is observed that, high amount of efficiency will obtain in special range of angular velocity. According to figures 4 to 6, this range is 0.4~0.6. Moreover, by means of the results, the trend of the efficiency can be explained as follows: As the angular velocity of the turbine increases, the efficiency will decrease. The reason can be interpreted as: increase in angular velocity causes an arising the vortex shedding around the turbine blade which leads to growing the energy loss. Thus, high angular velocity conducts low efficiency. Figures 7 to 9 show the relation between the power coefficient, Cp, or efficiency and the tip speed ratio, λ for highest value of efficiency in each current velocity. Among the tested cases, the turbine I*=0.52 has shown the largest efficiency. Even though the maximum efficiency has achieved from the case with the largest non-dimensional mass moment of inertia, but there is no tendency towards the higher efficiency straightly with the 
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increase of the mass moment of inertia. In author's opinion, there is an optimum value of non-dimensional mass moment of inertia which causes highest efficiency. This claim can be approved by Betz limit. In order to clarify the optimum value of dimensionless mass moment of inertia, it is needed to test more cases. With regards to the efficiency, all the cases have shown the maximum values around λ = 0.37. After reach the maximum Cp, the power coefficient will decrease as the tip speed ratio increases. The pattern is similar to the typical distribution of the power coefficients against the tip speed ratio. of power coefficient but we hope that by applying some strategy, we can obtain higher efficiency. For instance, it seems to help us to reach more efficient if forming of the vortex shedding around the turbine is descended. Moreover, different shape of turbine blade maybe leads us to higher performance.
CONCLUSION
This paper investigated the efficiency of a vertical axis current turbine (VACT) according to different amount of non-dimensional mass moment of inertia by means of experiments. The vertical axis current turbine is a drag force type with flat shape blade. From the experiments in the circulating water channel at LOC/COPPE/UFRJ, angular velocity, power coefficient and tip speed ratio of the vertical axis current turbine were obtained and discussed. With regards to the power coefficient, all the cases have shown the distribution pattern increasing and then decreasing with the increase of the tip speed ratio. The maximum power coefficients of all the cases are observed at the tip speed ratio of 0.35~0.4. We obtained 7 percent for efficiency so far but, from the observation, we can expect that there could be a certain relationship between the efficiency and mass moment of inertia. For better understanding on the vertical axis current turbine, it demands to clarify the relationship of geometrical conditions with the efficiency of power generation.
